Abstract. Aviscumine, a recombinant lectin I, has been identified as an immunomodulatory agent within a new class of ribotoxic stress-inducing anticancer substances that have demonstrated efficacy in phase I/II trials. The aim of the present study was to elucidate the presumed effect of aviscumine on enhancing human natural killer (NK) cell antitumor cytotoxicity. To measure the effect of aviscumine on human NK cell cytotoxicity, chromium-51-release assays against K-562 cells were performed with isolated NK cells from the whole blood of 34 healthy volunteers. Two effector-to-target cell ratios (12.5:1 and 25:1) were used by two independent investigators with a focus on the concentration-dependent effect (0.5 vs. 1 ng/ml aviscumine), reproducibility (first vs. second investigator) and the specificity of the effect by comparison to a heat-inactivated aliquot and interleukin 2 (IL-2) stimulation (10 ng/ml). The mediation of the effect via degranulation was demonstrated by flow cytometric analyses of CD107α expression. Statistics were performed with SPSS using Student's t-tests for normally distributed data. Aviscumine induced a significant and reproducible, concentration-dependent increase in NK cell cytotoxicity (n=22; P<0.01 for both concentrations and ratios), which was also demonstrated when administered in combination with IL-2 (n=12; 12.5:1 ratio, P<0.001; 25:1 ratio, P=0.025) and when compared with the heat-inactivated aliquots (n=12; 12.5:1, P= 0.004; 25:1 ratio, P= 0.007). The mediation of its effect via interferon γ degranulation was demonstrated by significantly enhanced CD107α expression (n=7; P=0.005). Taken together, the results indicate that aviscumine induced an increase in NK cell anticancer cytotoxicity. These results highlight its clinical potential as an immunostimulatory agent, particularly with regard to combined use with chemotherapeutics or immune checkpoint inhibitors. However, further studies are required.
Introduction
In recent years immunoactive agents have raised the bar for cancer therapies (1, 2) . In addition to immune checkpoint inhibitors [such as inhibitors of programmed cell death 1 (PD-1) and PD-ligand 1, which predominantly target the T-cell crosstalk, as well as inhibitors of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)] (3), chimeric antigen receptor T cells, vaccines (4) and plant-derived proteins have been extensively studied for their immunomodulatory activity (5, 6) . The present study focuses on one of such plant-derived proteins: A synthesized plant lectin I named aviscumine. Aviscumine is a heterodimer, which is composed of a toxic A-chain, representing a site-specific type-II ribosome-inactivating N-glycosidase, and a carbohydrate-binding subunit B, responsible for its cellular uptake (7) (8) (9) . The N-glycosidase-mediated catalytic inactivation of ribosomes leads to a time-and dose-dependent inhibition of protein translation and synthesis (GI 50 , 1 ng/ml) in various human tumor cell lines (10) (11) (12) , independently of cell cycle or proliferation status (9, (12) (13) (14) . As well as its direct cytotoxic effect, immunomodulatory activity of aviscumine was suggested in early clinical trials in which aviscumine demonstrated a clinical efficacy in various types of solid tumor with tolerable toxicity profiles (15) (16) (17) (18) ; this immunomodulatory effect was presumed based on increased levels of interleukin (IL) 1β, tumor necrosis factor a (TNF-α) and interferon g (IFN-γ) detected in patient sera during treatment (15) . Consistently, the phase I trial (19) of subcutaneous, low-dose (nanogram range) aviscumine application demonstrated a clinical benefit in patients with progressive solid tumors subsequent to standard treatment failure with a stable disease rate of 31% (8/26 patients; median duration, 17 weeks); this trial detected elevated IL-1β, TNF-α and IFN-γ and decreased IL-6 and IL-10 levels in patient sera during the aviscumine treatment (19) . The recently published phase II trial supports the clinical efficacy of aviscumine, as well as its immunostimulatory activity and potential for combined use with chemotherapeutics (17, 20) ; however, limited data concerning its immunological activity, particularly on the innate immune system, are available.
It has been shown that lectins represent pathogen-associated molecular patterns (PAMPs) and thereby activate pattern recognition receptors (PRRs) causing the activation of the immune system via type-I phagocytic cells (21, 22) . Müthing et al (23) found a preferential binding of lectin I to Neu5Aca2-6Galβ1-4GlcNAc epitopes, and glycosphingolipids were also described to be overexpressed in various tumors and associated with cellular stress induction, causing cytokine release. A number of mechanisms, involving PRR-like receptors on NK cells, stress induction and crosstalk with other immune cells, may be responsible for the immunostimulatory activity of aviscumine and warrant further investigation.
Based on prior investigations, the present study focused on the immunostimulatory activity of the recombinant mistletoe lectin aviscumine on human natural killer (NK) cells via a standardized, functional assessment. The results demonstrated a significant and reproducible increase in NK cell antitumor activity via degranulation.
Materials and methods
Healthy volunteers. The study was approved by the regional ethics board (no. AN1460 294/4.15) and all healthy volunteers provided their written informed consent. In total, 34 healthy individuals, who had no major illness, coagulation disorders or acute infections at time of blood withdrawal were included in the present study (median age, 30 years; age range, 22-67 years; male vs. female: 18 vs. 16).
Recombinant mistletoe lectin. Aviscumine was provided by CYTAVIS BioPharma GmbH (Hamburg, Germany) as a pure powder. It was dissolved and diluted according to the company's manual.
Isolation of peripheral blood mononuclear cells (PBMCs)
and NK cells. PBMC isolation from whole blood samples was performed via density gradient centrifugation using Lymphoprep™ (Fresenius KabiNorge AS, Oslo, Norway) according to the manufacturer's protocol. NK cells were subsequently isolated by negative depletion with magnetic cell sorting using an NK Cell Isolation kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) following the manufacturer's protocol. NK cell purity was assessed by flow cytometric analyses via quantification of CD3/CD56 + -stained cells (catalog nos., 332771 and 345811; BD Pharmingen™; BD Biosciences, Heidelberg, Germany) following standard staining procedures, revealing a purity of ≥95% (data not shown). The isolated NK cells were immediately subjected to viability assessment and cellular cytotoxicity (CC) assays, including chromium-51 ( 51 Cr)-release and degranulation analyses.
Viability assessment of NK cells under aviscumine.
A standard trypan blue exclusion assay (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used to assess the effects of different concentrations of aviscumine (0.1, 0.5, 1, 3 and 6 ng/ml) on NK cell viability with and without IL-2 stimulation (10 ng/ml). Aviscumine was added in the different concentrations to 25,000 NK cells seeded in triplicates in 96-well plates (n=3) and viability was assessed after 24, 36 and 72 h via manual counting in a Neubauer plate by light microscopy. Thereby, the appropriate aviscumine concentrations for use in the 51 Cr-release and degranulation assays were determined.
NK cell-mediated cellular cytotoxicity.
51 Cr-release assay. NK cell-mediated cellular cytotoxicity was measured with a standard 51 Cr-release assay (24) against K-562 cells (a chronic myeloid leukemia in blast crisis cell line; Leibniz-Institute DSMZ; German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) by two independent investigators. In brief, two different amounts of isolated NK cells (12,500 or 25,000 cells/well) were seeded in 96-well cell culture plates and incubated with the different concentrations of aviscumine (0.5 and 1 ng/ml) with or without IL-2 (10 ng/ml) in complete RPMI medium with 10% fetal calf serum, 2 mM L-glutamine and 1% penicillin/streptomycin (all from PAA Laboratories; GE Healthcare Bio-Sciences Austria GmbH, Pasching, Austria) at 37˚C and 5% CO 2 for 24 h. Subsequently, 51 Cr-labeled [0.96 TBq (26.00 Ci)/mmol; 37 MBq (1 mCi)/ml; Hartmann Analytic, Braunschweig, Germany] K-562 cells (1,000 cells/well, pre-incubated with 100 µCi at 37˚C and 5% CO 2 for 1 h) were added to the pre-seeded NK cells. After 4 h of co-incubation at 37˚C, the amount of 51 Cr released into the supernatant was measured with a WIZARD 25 Wallac Automatic Gamma Counter (PerkinElmer, Inc., Waltham, MA, USA). All experiments were run in triplicate.
Percentage of specific lysis was calculated according to the formula reported by Ströhlein et al (25) : Specific lysis (%) = 100 x (mean experimental release -mean spontaneous release)/(mean maximal release-mean spontaneous release).
The first investigator analyzed two concentrations of aviscumine (0.5 and 1 ng/ml) to determine concentration-dependent effects. The second investigator extended the experimental setting by the addition of IL-2 stimulation and analysis of a heat-inactivated batch of aviscumine. For IL-2 stimulation 10 ng/ml IL-2 (Sigma-Aldrich; Merck KGaA) was used. The heat inactivation of aviscumine was performed for 60 min at 90˚C.
NK cell degranulation assay. NK cell function via degranulation was assesed by measurement of CD107α expression levels (n=7) on a flow cytometer. In short, 50,000 natural killer cells per tube were treated with or without aviscumine (1 ng/ml) in RPMI (PAA Laboratories; GE Healthcare Bio-Sciences Austria GmbH) overnight at 37˚C in 5% CO 2 . Subsequent to washing with washing buffer [phosphate-buffered saline (PBS) + 0.5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA) + 2 nM EDTA], 1,000 K-562 cells were added and co-cultured for 4 h at 37˚C and 5% CO 2 together with 5 µl of CD107α (phycoerythrin-conjugated; catalog no., 555801; BD Pharmingen™; BD Biosciences) diluted in 20 µl of staining buffer [PBS + 0.5% BSA and 0.1% NaN 3 ] for 4 h in the dark at 37˚C, with the addition of 5 µl of CD56 (fluorescein isothiocyanate-conjugated; catalog no., 332771; BD Pharmingen™; BD Biosciences) and CD3 (peridinin chlorophyll-Cy5.5-conjugated; catalog no., 345811; BD Pharmingen™; BD Biosciences) for the last 25 min. This was followed by washing with the previously described wash buffer and immediate measurement via flow cytometry (FACSCalibur; BD Biosciences 
Results

Effect of IL-2 addition under aviscumine treatment on NK
cell viability. Dose-finding for subsequent immunomodulatory activity testing was performed prior to further immunological evaluations due to aviscumine's reported direct cytotoxic effects. Different aviscumine concentrations (0.1-6 ng/ml) were tested on human NK cells for various incubation times (24, 36 and 72 h) to assess these direct toxic effects. At concentrations ≤6 ng/ml no direct toxic effects on the NK cells by aviscumine were detected (Fig. 1) . As further immunological testing would include IL-2 stimulation of the NK cells, viability was also assessed under the combined use of IL-2 and aviscumine. For the standard IL-2 concentration (10 ng/ml) no toxic effects were observed in the experiments ( Fig. 1; 0 
ng aviscumine).
With the combined application of IL-2 and aviscumine a time-and concentration-dependent decrease in viability was observed (Fig. 1) . Based on these results aviscumine was used at concentrations of 0.5 or 1 ng/ml in all subsequent functional assays for the assessment of its immunomodulatory capacity.
Increased NK-cell mediated antitumor cytotoxicity under aviscumine. 51 Cr-release assay. The first investigator assessed the concentration-dependent effect of aviscumine on NK-cell mediated cytotoxicity (n=22) using a standard 51 Cr-release assay. The test revealed a concentration-dependent, statistically significant increase in NK cell-mediated cytotoxicity against tumor cells following treatment with aviscumine at the two tested concentrations (0.5 and 1 ng/ml) and effector-to-target (NK:K-562) cell ratios (12.5:1 and 25:1). The mean percentages of specific lysis with 0, 0.5 and 1 ng/ml aviscumine stimulation were 27.44, 32.54 and 33.18% for the 12.5:1 effector: target ratio, and 47.76, 54.24 and 58.22% for the 25:1 effector: target ratio, respectively (Fig. 2) .
A second investigator repeated these 51
Cr-release assays and confirmed the increased cytotoxic capacity of NK-cells under 1 ng/ml aviscumine stimulation (vs. no aviscumine) with 40.77 vs. 34.56% specific lysis for the 12.5:1 effector: target ratio and 48.9 vs. 45.4% for the 25:1 effector: target ratio, respectively (Fig. 3A, black lines) . Furthermore, when IL-2 was used as an internal stimulation control, specific lysis in cells treated with 1 ng/ml aviscumine (vs. no aviscumine) was measured as 47.7 vs. 37.86% for the 12.5:1 ratio and 56.17 vs. 46.32% for the 25:1 ratio (Fig. 3A, gray lines) and thus demonstrated no impairment of aviscumine efficacy. In summary aviscumine treatment induced an increase in specific cell lysis of 5-10%. Although this increase was moderate, it was reproducible and reached statistical significance in various settings (Fig 2. and Fig. 3A) .
To exclude any non-specific effects of aviscumine heat-inactivation (90˚C for 30 min) was performed. Significant differences between the effects of aviscumine vs. its heat-inactivated form confirmed the specificity of the measured activity with 40.78 vs. 38.35% (without IL-2) and 47.7 vs. 43.48% (with IL-2) for the 12.5:1 effector:target ratio and 48.9 vs. 45.07% (without IL-2) and 56.17 vs. 50.07% (with IL-2) for the 25:1 effector:target ratio (Fig. 3B) . Nevertheless, these differences were less distinct than those observed in the comparison of aviscumine with media alone (Fig. 3) .
NK cell degranulation assay. The flow cytometric analyses of the expression of the degranulation marker CD107α confirmed the results of the 51 Cr-release assay. The increase in CD107α expression following 1 ng/ml aviscumine treatment reached statistical significance compared with a control setting without aviscumine (69.83 vs. 57.07%; n=7; Student's t-test, P=0.005; Fig. 4 ).
Discussion
NK cells serve a key role in tumor immunology (26) (27) (28) and NK cell cytotoxicity assays have demonstrated an impairment of NK cell activity dependent on clinical stage in numerous types of malignancy (26) . Recently, immune checkpoint inhibitors, which predominantly target the T-cell population, such as PD-1 and PD-L1 inhibitors but also, CTLA-4 inhibitors were found to be capable of releasing the ʻbrakeʼ on anticancer immunity (2) . Nevertheless, with 20-30% of durable remissions with long-term survival for various cancer entities, such as lung cancer (29) or melanoma (30) under these treatment strategies, there remains a need to further improve the efficacy of therapies. Thus, combinations with other immunostimulatory agents may gain clinical interest with regard to the restoration of antitumor immunity. Besides cell therapy, few immunostimulatory agents are under clinical investigation (31) . One of them is a plant-derived recombinant lectin I, aviscumine, that has demonstrated disease stabilizations in a number of solid tumors with tolerable toxicity for its immunostimulatory dose range in early clinical trials (17, 19) . The measured changes in patient plasma cytokine levels (increased IL-1β, TNF-α and IFN-γ and decreased IL-6 and IL-10 levels) indicate the activation of NK and T cells (19) . A very recent study revealed that lectin structures represent PAMPs and thereby activate the immune system via PRRs (21) (22) (23) . By focusing on NK cells, the present study was able to demonstrate a reproducible stimulation of NK cell antitumor activity for a non-toxic concentration range of aviscumine (Figs. 1-3) . To the best of our knowledge, this is the first functional study to reveal these postulated effects in a standardized ex vivo human model and thereby support the prior published works.
Notably, the evaluation of aviscumine's direct toxic effects revealed a time-and concentration-dependent decrease in NK cell viability in combination with IL-2 ( Fig. 1) . The underlying mechanism of this observation is unknown. One potential mechanism may be activation-induced cell death, wherein an IL-2-induced upregulation of Fas ligand (an apoptosis ligand) combined with the activation of the NK cell receptor induces apoptosis (32) .
The specificity of aviscumine's effect on NK cell stimulation was also confirmed by comparison with the effect of a heat-inactivated aliquot (Fig. 3) , even though differences were smaller. Furthermore, the results were reassessed by flow cytometric analysis of CD107α expression, highlighting the capacity of aviscumine to enhance NK cell activity via degranulation (Fig. 4) .
These data, in line with the clinical findings in early clinical trials (15, 17, 19) , support the potential of this plant-derived recombinant lectin I as an anticancer agent, particularly with regard to its combined use with immune checkpoint inhibitors or chemotherapeutics, as postulated in case reports and clinical investigations (22, 33) . Nevertheless, further studies to validate the present findings and assess the detailed mechanisms and clinical efficacy of aviscumine are warranted.
